Environmental and ecological impacts must be considered when designing any engineering works. In rivers, streams and other aquatic systems, this, in part, means identifying changes to physical and chemical parameters affecting habitats of the aquatic community. Due to Provincial and Federal legislation, fish habitat is typically isolated as the key indicator of aquatic impacts as a consequence of instream works. Understanding where fish locate themselves, and why, makes evaluating the impacts and restoration of streams more efficient and effective. One way to predict where fish habitat is optimal is to identify locations in the stream where energetic costs are low and energetic benefits (food) are high for a given fish type. This bioenergetic approach to modeling provides a physically-based quantification of the total amount and quality of fish habitat available under different flow conditions and stream configurations.
Environmental and ecological impacts must be considered when designing any engineering works. In rivers, streams and other aquatic systems, this, in part, means identifying changes to physical and chemical parameters affecting habitats of the aquatic community. Due to Provincial and Federal legislation, fish habitat is typically isolated as the key indicator of aquatic impacts as a consequence of instream works. Understanding where fish locate themselves, and why, makes evaluating the impacts and restoration of streams more efficient and effective. One way to predict where fish habitat is optimal is to identify locations in the stream where energetic costs are low and energetic benefits (food) are high for a given fish type. This bioenergetic approach to modeling provides a physically-based quantification of the total amount and quality of fish habitat available under different flow conditions and stream configurations.
For drift feeding fishes, such as salmon or trout (important fisheries), inputs to this type of model include stream velocities (from hydraulic models) and the number of invertebrates drifting in the water column within range of the fish location. Previous field investigations have shown that the number of invertebrates drifting is heterogeneous over space and time. In numerical modeling discussed in this chapter, invertebrate start position and
Introduction
All engineering works require an assessment of the impact of the works on the natural environment. This often includes both potential chemical pollutants and physical changes to the environment. The impact of physical changes often comes in the form of estimated habitat loss to key species or groups of species. When working in or near aquatic environments, this usually means important endangered or commercial fish species. For example, in Canada, the Department of Fisheries and Oceans (DFO) has mandated that there be no net loss of fish habitat during any work (the construction of a structure or realignment of a stream for example), in or near aquatic environments (DFO, 1986) .
The quantity and quality of habitat must be evaluated prior to work commencing and predicted for the completed state. This requires expert knowledge and potentially costly field analyses. Over the past fifteen years, techniques have been developed to model fish habitat using numerical techniques (Stalnaker et al., 1995; Bovee et al., 1998; Addley, 1993; Guensch, 2001; Booker et al., 2004) . These models need the same initial effort to estimate existing fish habitat but can be used to predict fish habitat available under many possible physical conditions once that work has been done. In this way, the design of any development (flow regime change downstream of a dam, water abstraction plans or river realignment) can be optimized to ensure the best possible outcome for fish as well as those proposing the changes.
This chapter discusses the assumptions used in two types of fish habitat models: preference models, where habitat is estimated based on physical attributes of locations where fish have been observed, and bioenergetic models, where habitat is quantified based on the amount of energy available to fish in a given location. The chapter then goes on to explore the assumption of uniform food delivery to fish in drift feeding bioenergetic models and its potential impact on the accuracy of such models through the simulation of invertebrate drift in a lowland chalk stream (Bere Stream, Dorset, UK).
Background 7.2.1 Fish Habitat Modeling in Streams
Fish habitat models estimate the quantity and quality of habitat available to fish in a stream or river. In general, there are two types of model used for quantifying habitat in streams: preference models and bioenergetic models.
Preference models
Preference models predict the amount of habitat available under a set of physical conditions based on the physical conditions in locations where fish have been previously observed (Stalnaker et al., 1995; Bovee et al., 1998) . The process of developing a model of this type is generally species and location specific. Observations are made on where fish are located in the stream of interest and/or similar streams nearby. The data collected are used to construct suitability indices for a range of parameters that often include depth, velocity, substrate size and cover.
Hydraulic model results of the stream are used to predict these parameters under existing and proposed conditions and a suitability value is assigned to areas based on the indices associated with the parameter values. The index values are weighted based on known preference and combined giving a weighted usable area map for the modeled stream reach. The process is shown schematically in Figure 7 .1 Under many circumstances, preference models make two major assumptions that may lead to inaccuracy of results:
1. The entire basis of these models revolves around the observation of fish, assuming that they are situated in the best possible location. In reality, there are several things that may prevent a fish from being in an optimum location, including competition, predation avoidance and the absence of ideal circumstances. 2. Suitability indices are often developed in one area or situation and then used in, or transferred to, a situation where they may not, or may no longer, be relevant. Very few studies have tested the transferability of suitability indices across geographic regions or other circumstances. Further to these assumptions, preference-based habitat models give little information as to why a fish might be where it is (i.e. what the benefits are of being at one depth rather than another). All of these issues and the increase in computational power over the past decade led to the development and use of bioenergetic models for fish in streams, which try to avoid these pitfalls. 
Bioenergetic models
Bioenergetic models balance the energy inputs and energy uses of an organism. The general principle is that energy consumed by the organism as food will be used for metabolism, movement or will be excreted. Any remaining energy (net energy intake (NEI)) may be used for growth and reproduction. The basic premise for using this technique for habitat modeling is to determine the NEI at locations an organism might occupy and for behaviours it exhibits there. In this way, it is possible to quantify the amount of good quality habitat (with high NEI) and low quality habitat (with low NEI) over an area or range of available behaviours.
Bioenergetic models have been developed for fish in a variety of locations and for many purposes (Jobling, 1994) . In particular, these models have been produced for drift feeding fish in streams by several researchers (Hughes & Dill, 1990; Hill & Grossman, 1993; Addley, 1993; Hayes, 1996; Hayes et al., 2000; Guensch, 2001; Ibbotson et al., 2001; Booker et al., 2004; Rosenfeld et al., 2005) . The basic equation that represents this process is given by:
where: NEI = the Net Energy Intake, GEI = Gross Energy Intake, and Costs = the energetic costs associated with holding position in the stream, capturing food, digestion, and losses to urine and faeces.
GEI is based on estimated food intake for a fish at a specific location. All costs can be accounted for knowing the fish size, water velocity at a specific location and water temperature from known relationships and experiments with fish. The NEI at locations where velocity is known can be calculated for a range of fish sizes with temperatures and food densities estimated based on the time of year. When velocities are simulated using a 3D hydraulic model, NEI can be estimated throughout the velocity field of the modeled reach.
The above models include mean invertebrate drift density (number of invertebrates per unit volume of water) as an input. The density and composition of this drift affects energy inputs to the bioenergetic models. The model used by Addley (1993) and modified by Guensch (2001) and Booker et al. (2004) incorporates the size composition of the drift but uses a single drift density value for all locations in the stream for each size class. A sensitivity analysis provided by Addley (1993) shows that a 10% increase or decrease in the value of drift density in a stream can have a 8-9% increase or decrease respectively on the NEI value calculated, with all other inputs remaining the same. Similarly, Rosenfeld et al. (2005) showed that increasing drift density in experimental channels increased the velocities where fish were located and increased their growth rates even at these higher swimming speeds.
This has strong implications for the necessity of accurate drift density estimation in the determination of the quantity and quality of fish habitat in streams and rivers because the amount and location of useable habitat is dependent on the drift density. Although all these models use a single input of mean drift density, drift has been shown to be heterogeneous over space and time (Section 7.2.3). The ability to model the spatial heterogeneity of drifting invertebrates could lead to more accurate prediction of fish position and growth with bioenergetic models. With bioenergetic models sensitive to the drift density, knowing the drift density at different points in a stream reach could change the absolute and relative predicted NEI values compared with a single drift density value. When the bioenergetic model was used to calculate NEI in the Bere Stream, it was compared to measured fish locations and behaviours. The model predicted high NEI values at 80% of fish locations. Of the fish located in areas with less than ideal NEI, many were not feeding and/or under cover of overhanging vegetation or instream debris.
Food Delivery for Drift Feeding Fishes
The drift feeding fish featured in the Bere Stream bioenergetic model (brown trout and Atlantic salmon) get approximately 80% of their food from invertebrates drifting downstream in the water column. For the most part, these invertebrates originate on the stream bed. They leave the bed either due to shear forces dislodging them or due to a behavioural release. Invertebrates with aquatic stages in moving water have adapted to life with constant shear stresses and, except for catastrophic circumstances of high flows, or happenstance a bad foot hold, entry in to the drift is behavioural (Wilzbach et al., 1988) . Many explanations have been given for why drifting may be of benefit to stream invertebrates: avoidance of benthic predators, avoidance of competition for food, and the search for better food sources are a few (see a review in Brittain, 1988) .
As mentioned in Section 7.2.1, invertebrate drift is input as a single value for an entire stream reach in bioenergetic fish habitat models for drift feeding fish. However, several studies have shown that drift is not spatially homogeneous (Matter and Hopwood, 1980; Neale, 1999; Fenoglio et al., 2004) . It is unclear how this variability in drift magnitude within a stream reach might affect fish positioning, so a model was developed to examine what factors might affect the spatial heterogeneity of invertebrate drift.
Modeling Invertebrate Drift
The individual nature, large size and low concentrations of invertebrates makes advection-diffusion models, commonly used in water quality and sediment modeling, inappropriate for invertebrate drift. Particle tracking, which models individuals separately, provides an ideal solution. These models have been used successfully for modeling other individual biological entities such as plankton (Eckman, 1990) and fish (Goodwin et al., 2001) . Further, particle tracking gives a more adaptable platform to work within, where behaviours and/or preferences can be added to the basic model. Basic particle tracking model is as follows: A full description and details of model testing are available (Weber, 2006) .
To simulate the movement of invertebrates, preferences (in the form of directional movement toward a desired condition), swimming or other movement can be added to the basic model. z i = the vertical particle position at the ith time step, w i = the vertical water velocity, w inv = the invertebrate vertical velocity, and ∆t = the time step
Three-dimensional hydraulic modeling of a stream reach gives velocities throughout the modeled reach. Interpolating the velocities at a particle position allows it to be tracked through the bounds of the reach.
Sensitivity Analysis Methodology
Using the invertebrate particle tracking model described (Section 7.2.4), several simulations were performed to explore how changes in the initial starting location and potential behaviours affect the drift path of an invertebrate and, in turn, the energy available to a fish within the stream reach.
Test 1: Initial Particle Location
Two hundred and fifty (250) particles, simulating Gammarus (freshwater shrimp), Simulids (black fly larvae) and Baetids (mayfly nymphs) were initiated on the bed in two distinct patterns; random and concentrated on locally shallow areas. In each case, the model was run under conditions observed on 1 May 2002 where the stream discharge was 0.73 m 3 s -1 and the overall drift density was 5.2 m -3 . The proportion of each type and size of invertebrate in the simulation was also determined by the May 1, 2002 samples. The model was run with a 0.1 s time step over 45 s.
Invertebrates initiated their drift 0.02 m above the bed simulating a small jump or tumble. The model then tracked them through the water using Equations 7.1 and 7.2. The magnitudes of swimming velocities are dependent on the size and type of invertebrate simulated and are based on published values (Fonseca, 1999; Campbell, 1985; Weber, 2006) . The invertebrates were simulated to swim to the surface and then swim down to the bed. Invertebrates were removed from the simulation when they either returned to the bed or reached the downstream end of the modeled reach.
Test 2: Behaviour
Two hundred and seventy (270) particles simulating a range of sizes of freshwater shrimp, mayfly nymphs and blackfly larvae initiated drift at 10 locations within the modeled reach as shown in Figure 7 .3. As in Test 1, simulated invertebrates began at 0.02 m above the bed and, in this test, were assigned one of four vertical behaviours described in Table 7 .1. The initial behaviour begins upon initiation and, given an upward initial behaviour, the secondary behaviour begins once the simulated invertebrates reach the water surface. Passive behaviour represents mean downward velocities of dead invertebrates in field and lab studies, whereas swimming behaviours represent a mean velocity shown by live invertebrates (Fonseca, 1999; Campbell, 1985; Weber, 2006) . The hydraulic conditions observed on May 1, 2002 were used for the simulation (discharge of 0.73 m 3 s -1 ). The simulation was complete when all invertebrates returned to the bed/banks or left the simulation through the downstream boundary. 
Results

Test 1: Initial Particle Location
The mean distance traveled by the particles was 4.5 m in the random source case, and 5.2 m in the shallow source case. These were not significantly different (p>0.05). The limitations of the time span of the simulations are notable with some particles never reaching their final destinations on the stream bed and several leaving the simulation through the downstream boundary. However, even with these complications, some interesting patterns can be observed. Figures 7.4 and 7.5 show the paths of the particles in the random and shallow source simulations respectively. Areas of high path densities indicate areas of high concentrations of particles over the 45 second simulation. In both cases there is a concentration of particle paths at the inside of the bend. In Figure 7 .4 (random source locations) further areas of high path density occur surrounding the shallowest areas (shown by cross stream lines in Figure 7 .5). The particle paths tend to surround locations in the centre of the upstream shallow area, in the centre of the second shallow area and on the right bank of the downstream shallow area. Due to the concentration of particle source locations in the shallow source case, the same patterns are not seen. Particles initiate more commonly on or near the shallowest areas and, therefore, more paths pass over them. However, there do seem to be locations within the shallow areas, upstream of the shallowest locations where particles travel short distances (right bank of upstream area and centre of middle section).
One further observation is the pattern of particle paths within the pool on the outside of the bend. This pool is more than 1 m deep and has a recirculating flow pattern. In both cases shown, no particles that began in the pool left the pool and very few particles that began outside of the pool entered the recirculation pattern. In the shallow source case, no simulated invertebrates entered the deep pool. 
Test 2: Behaviour
In the simulations of the first two behaviours (no upward swimming) the particles have more similar cumulative distances traveled and overall times spent in the drift than when they are compared to Behaviours 3 and 4, where upward swimming occurs. Table 7 .2 shows the mean and standard deviation of the distance traveled, the overall time spent in the drift and the number of particles leaving through the downstream end for each behaviour.
Figures 7.6 and 7.7 show the particle paths for the four behaviours in the horizontal and vertical directions for two particles. Note that the initial upward swimming stage of Behaviours 3 and 4 are the same and the lines overlap exactly on the plots. Often, particle paths for Behaviours 1 and 2 end much more quickly than those for Behaviours 3 and 4 and are not seen well on these path plots. The solid grey lines on the plots of horizontal position represent extents of the modeled stream. Several interesting observations can be made from these path plots. First, looking at the horizontal plots, the first particle shown (Figure 7.6(a) ) has a portion of its path within the bend of the modeled reach for the Behaviour 3 case. The particle begins upstream of the bend, passes through the bend close to the inside edge and goes at least 10 m downstream of the bend before leaving the stream at the bed. In contrast, a particle (not plotted) initiated within the pool on the outside of the bend (Location 10 in Figure 7 .3) followed the velocity circulation pattern within the pool as it travels upwards and drifts back to the bed. This could be an indication that particles initiated upstream of the bend are funneled through the bend towards the inside rather than settling within the pool if they don't have sufficient downward motion as also seen in the first test.
Second, looking now at the vertical path plots, these plots show areas where the vertical position of the particle path appears to be influenced by the vertical velocity of the water. The most obvious example is seen in Figure 7 .6(b) as a large increase in vertical distance within the downward drifting portion of the Behaviour 3 case. In this case, the upward motion occurs as the particle is leaving the bend pool. It may be that the particle is maintaining its downward motion with respect to the bed level. However, it does indicate that the vertical velocities within the Bere Stream can influence the vertical position of particles given the range of behaviours simulated.
Finally, examining Figure 7 .7(a), we see even the Behaviour 1 and 2 paths travel approximately 5 m. This is higher than other particles examined, that begin at other locations. The particle begins at Location 2 (Figure 11.3) , which is on a ridge at the exit of the bend pool. This can be seen in the initial vertical level of 9.5 m as compared with 9.05 m at Location 1. Therefore, when the particle enters the drift, the stream bed essentially drops away from it, allowing it to drift further even if it immediately travels downward. Therefore, the initial vertical location of a drifting invertebrate with respect to surrounding bed levels can influence the distance it will travel. 
Discussion and Conclusions
The initial starting position, and the behaviour that an invertebrate displays while drifting, has been shown to impact the drift path of the invertebrate, the distance it travels and the amount of time it spends drifting. These all, in turn, have a potential impact on the amount of food available to a fish at a given location. For instance, if source areas for invertebrates are isolated to shallow areas, few, if any, prey items for drift feeding fish will pass through deep areas of bend pools. Therefore, little to no energy would be available for a fish at this location. Further, if a stream is limited to invertebrate types that display behaviours with no upward movement, in at least the initial stages of drift, very few invertebrates will be found close to the surface of the water. If engineers and planners wish to predict the impacts of their work on fish habitat using physically based bioenergetic models, taking the heterogeneity and variability of energy inputs into account could influence the absolute and relative results.
The invertebrate drift model using particle tracking has proved useful in exploring the influence of physical and behavioural factors on the amount and characteristics of the drift. It is suggested that the possibility of adding an invertebrate drift model to the bioenergetic fish habitat model (as shown schematically in Figure 7 .2) would be useful for testing the sensitivity of that model to these changes in invertebrate drift (see Figure 7 .8). As a physically based model, the bioenergetic fish habitat model aims to avoid the downfalls of empirically based preference models in predicting the quantity and quality of habitat available in a stream. Having an accurate portrayal of the conditions within a stream, including the variability and heterogeneity of available energy, would help engineers, hydraulic modelers and planners design stormwater management facilities, abstraction policies and stream works in ways to maximize benefits, with both human and fisheries interests in mind.
